Up to now, the excited charmed and bottom baryon states have still not been well studied experimentally or theoretically. In this paper, we predict the mass of Ω * b , the only L = 0 baryon state which has not been observed, to be 6069.2 MeV. The spectra of charmed and bottom baryons with the orbital angular momentum L = 1 are studied in two popular constituent quark models, the Goldstone boson exchange (GBE) model and the one gluon exchange (OGE) hyperfine interaction model. Inserting the latest experimental data from the "Review of Particle Physics", we find that in the GBE model, there exist some multiplets (Σ c(b) , Ξ ′ c(b) and Ω c(b) ) in which the total spin of the three quarks in their lowest energy states is 3/2, but in the OGE model there is no such phenomenon. This is the most important difference between the GBE and OGE models. These results can be tested in the near future. We suggest more efforts to study the excited charmed and bottom baryons both theoretically and experimentally, not only for the abundance of baryon spectra, but also for determining which hyperfine interaction model best describes nature.
I. INTRODUCTION
The Goldstone boson exchange (GBE) and one gluon exchange (OGE) hyperfine interaction terms describe quark interactions in the constituent quark model and are popular for studying baryon spectra [1] [2] [3] [4] [5] . These two different kinds of hyperfine interactions have been used to describe the observed spectra of light baryons and ground state heavy baryons [2, 5, 6 ]. The GBE model can correctly describe the Roper resonance but the OGE model cannot, as stated in Ref. [7] . This is a big difference between the GBE and OGE models in light baryons. With the ongoing development of experiments there should be more heavy baryons observed experimentally in the near future, which will in turn guide theoretical studies in this area. The most important motivation of this paper is to compare the differences between the numerical results for negative parity charmed and bottom baryons (with the orbital angular momentum L = 1) in these two models.
Baryonic physics in the charmed and bottom sectors has experienced spectacular progress in recent years due to the experimental activities of the BaBar, CLEO, Belle, CDF, and LHCb Collaborations and theoretical developments. Up to now, most of the charmed and bottom baryon ground states have been observed experimentally, but excited heavy baryon states are still poorly known [8] . Recently, the LHCb = 5955.33 MeV, which are expected in this mass region with spin-parity J P = (1/2) + and J P = (3/2) + , respectively [10] . There are also some states which have been observed, but their J P numbers have not been determined experimentally. For example, the charmed baryon Σ c (2800) (Belle 2005 [11] ) was first reported in the decay modes Λ + c π − , Λ + c π 0 and Λ + c π + , with the mass differences M (Σ c ) − M (Λ + c ) measured to be 61 [12] . However, the J P numbers of Σ c (2800) have not been determined experimentally. There will be more heavy baryons to be observed experimentally in the near future, which can help to examine which hyperfine interaction model can better describe the baryon spectra.
In our paper, we will study the spectra of charmed and bottom baryon states with negative parity and obital angular momentum L = 1. The constituent quark model is a simple and effective phenomenological model to study mass spectra [13, 14] . With the data for the light baryons and ground state charmed and bottom baryons which are labeled with three or four stars in the "Review of Particle Physics" and hence have been well established experimentally, we can calculate the parameters in the constituent quark model.
After that, masses of the orbitally excited L = 1 charmed and bottom baryons can be calculated. Many calculations based on the quark flavor group SU (3) are remarkably consistent with experiments. When we add another degree of freedom in flavor space, known as charm or beauty, a natural generalisation is to extend the flavor group to SU (4) (which means the flavor space we consider is u, d, s, c or u, d, s, b of SU (4)), which is however actually badly broken. So in the calculation we introduce a perturbation term which contains two parts. One is the mass difference between the light quark (u, d) and the heavy quark (c, b), and the other is ∆ s , which is from the mass difference between the light quarks (u and d) and the s quark. We will neglect the quark mass difference between the light quarks (u and d) in the calculation.
The remainder of this paper is organized as follows. In Section II, we present the theoretical framework, which includes explicit forms of the employed hyperfine interactions between quarks. Numerical results for the spectra of L = 1 charmed and bottom baryons are presented in Section III. Finally, Section IV contains a brief conclusion.
II. THEORETICAL FRAMEWORK
In the constituent quark model, the non-relativistic Hamiltonian for a three-quark system can be expressed as [2, 3] 
where m i denotes the constituent mass of the ith quark, H hyp is the hyperfine interaction between quarks, which is often treated as a perturbation, and H 0 is the Hamiltonian concerning orbital motions of the quarks, which should contain two parts, namely the kinetic term and the confining potential between quarks. Both the orbital Hamiltonian H 0 and the hyperfine interaction H hyp for the three-quark system have been discussed intensively in the literature [2, 4, 5, 13] .
A. H 0 and the wave-function for a baryon system
The form of H 0 employed for the non-relativistic harmonic oscillator potential in the three-quark system is as follows [2, 3] :
where p i and m i denote the momentum and mass of the ith quark, respectively. The quantity r ij = r i − r j is the relative position of the (ij) pair of quarks, and V conf ( r ij ) is the confinement potential. The harmonic oscillator, as one of the most commonly used quark confinement potentials, has been successfully applied to the spectroscopy of nonstrange and strange baryon ground states and excitations [2, 3] . So we take V conf ( r ij ) to be the harmonic oscillator form as follows:
where m is the constituent mass of the light quarks (u, d), ω is the angular frequency of the oscillator interaction and V 0 represents the unharmonic part of V conf , which is treated as a constant in this paper.
For charmed or bottom baryons, compared with a system including three light quarks, we can rewrite H 0 for a system including one heavy quark (c or b) as the following (here we do not consider the mass difference between the light quarks (u, d) and s quark):
where H ′ 0 represents the corrections due to the mass difference between the light quark and the heavy quark.
If we neglect the contribution from the perturbation term H ′ 0 , the exact eigenvalue of H 0 should be
where N is the quantum number of the excited state. ω can be determined from the mass difference between the nucleon and N (1400), as pointed out in Ref. [2] .
For the perturbation term H ′ 0 of charmed or bottom baryons which comes from the heavy quark (c or b) mass difference with the light quark, as shown in Ref. [3] , we take it to be flavour-dependent,
where m and m h represent the constituent masses of the light and heavy quarks, respectively, and the Kronecker symbol δ ih is a flavor dependent parameter with value 1 for a heavy quark and 0 for a light quark.
In the constituent quark model which is governed by the above non-relativistic Hamiltonian, we introduce the three-quark wave function, which is factorized into orbital ⊗ colour ⊗ f lavour ⊗ spin. In this paper, the wave function is described by the Young pattern [f ], where f is a sequence of integers that indicate the number of boxes in the successive rows of the corresponding Young patterns. The pattern [3] represents a completely symmetric state, [21] [15] [16] [17] . The total spins could be S = 1/2 and S = 3/2, corresponding to [21] S and [3] S configuration, respectively. The explicit wave functions based on the orbital-colour-flavour-spin configurations can easily be derived from the Clebsch-Gordan coefficients.
In the case of N = 0, all the three quarks are in their ground state, so the matrix elements of H ′ 0 are the same for all the N = 0 configurations [3] :
where |g.s. > represents the ground state and δ
The perturbation (6) is flavor dependent and its matrix elements between different P shell multiplets of Λ + c take the following values [3] : For the P shell excitations of Σ c , the matrix elements of
For the L = 1 negative parity excitations of Ξ c , corrections arising from H ′ 0 are the same as those of Λ c , and for the negative parity excitations of Ξ ′ c and Ω c , the corresponding corrections are equal to those of Σ c .
B. Hyperfine interactions between quarks
To calculate the mass splittings of the degenerate configurations, explicit perturbative hyperfine interactions are needed. Since the GBE [2, 3] and OGE [4, 13, [18] [19] [20] interactions between quark pairs have been discussed intensively before, we just present a very brief review and apply them to charmed and bottom baryons.
For charmed and bottom baryons, the GBE hyperfine Hamiltonian can be written in the following form, as in Ref. [21, 22] :
where λ a i (a = 1, · · · , 14) are the SU (4) extension of the SU (3) Gell-Mann matrices in flavour space, σ i are Pauli spin matrices (the subscribe i and j represent the ith and jth quarks, respectively), and V M is a flavor dependent parameter to describe the strength of the exchange of a meson M (M contains π, K, η, D, D s , B and B s mesons). Because η c and J/ψ are purely cc mesons, we do not need to consider the fifteenth Gell-Mann matrix λ 15 of SU (4). Explicitly, the hyperfine interaction Eq. (10) between two quarks has the following form for the GBE interaction in the case of the SU (4) extension:
For the OGE interaction [4] , the commonly used hyperfine interaction can be written as:
where the λ C i and σ i are Gell-Mann SU (3) matrices in colour space and Pauli spin matrices, respectively, and C i,j are the colormagnetic interaction strengths.
III. NUMERICAL RESULTS
In this section, we present the numerical results for the L = 1 charmed and bottom baryon spectra using the hyperfine interactions given in the GBE and OGE models. Before that we should fix the parameters in these models. For the constituent quark masses we take the values from Refs. [21, 24, 25] MeV, m c = 1700 MeV, m b = 5043 MeV. The angular frequency is determined from the mass difference between the nucleon and N (1400) [2, 3] , ω = 157.3 MeV. All other parameters in these two different hyperfine interaction models will be obtained from the ground baryon state splittings, which will be discussed in the following.
A. Fine structure corrections of the light, charmed and bottom ground baryons Generally, the fine structure corrections (δM) contain three parts, the hyperfine interaction, the difference ∆ s between the constituent masses of the light quarks (u and d) and s quark, and the energy shift in Eq. (6) which is caused by the heavy quark mass difference. For L = 0 states, the energy shift is − 1 2 δ. For the GBE and OGE models, all these corrections (δM) are presented in Table 1 and Table 2 , where Table 1 Fine structure corrections (δM) to the masses (in MeV) of the light ground state baryons (L=0) from the GBE interaction and OGE interaction. The experimental values are from Ref. [8] .
all the masses of baryons are taken from the "Review of Particle Physics" [8] , except for Ω * b , which has not been observed experimentally. We calculate the mass of Ω * b below. In the GBE hyperfine interaction, we assume that Vη inpair state and V qs η in qs pair state are equal to the exchange potential from π and K as in Ref. [2] , respectively. In the OGE hyperfine interaction, Cis a flavor dependent strength parameter. The parameters V π , V K , C qs and Ccan be obtained from the N (939) − ∆(1232) and Σ(1193) − Σ * (1385) mass splittings:
Therefore,
To determine the parameters V D , V Ds , C qc and C sc , we consider the Σ c −Σ * c and Ω c −Ω * c mass splittings:
The mass splitting between Σ b and Σ * b is: Table 2 Fine structure corrections (δM) to the masses (in MeV) of the charmed and bottom ground baryons (L=0) from the GBE interaction and the OGE interaction. The experimental values are from Ref. [8] .
[ Therefore,
Then we consider the
Substituting V B = 3.37 MeV, C qb = 1.26 MeV, and the masses of Ξ * b and Ξ ′ b into Eq. (19), we can get V Bs = 3.40 MeV and C sb = 1.24 MeV. In Refs. [2, 3] , it is pointed out that
MeV. All the parameters in the two different hyperfine interaction models are summarized in Table 3 .
For the L = 0 baryon state, Ω * b is the only state which has not been observed experimentally. From Table 2 , for both GBE and OGE models, we find that 
Configuration Multiplet
Note that there is no difference for the relations in Eq. (20) between these two different hyperfine interaction models. We predict M Ω * b = 6069.2 MeV from Eq. (20) . We will discuss the L = 1 charmed and bottom baryons in the GBE and OGE models in the next subsection.
B. Masses of charmed and bottom baryon states with L = 1
With all the fixed hyperfine interactions parameters and the configurations of the negative parity charmed and bottom baryon systems with L = 1 outlined in Table 4 , the masses of the charmed and bottom baryon states can be calculated. There are three steps to obtain numerical results in our models. pointed out in Ref. [23] , the spin-orbit terms are quite small. So we can safely neglect the impact of spin-orbit coupling on our calculation. Since we have neglected spin-orbital effects, S becomes a good quantum number. Because Λ c and other states have two configurations with the same total spin S = 1/2 as listed in Table 4 , we need to consider the mixing of these two configurations. However, for the total spin S = 1/2 and S = 3/2 states the mixing is zero because [21] S is orthogonal to [3] S . Then after explicit derivation, the matrices of fine structure corrections in these two models are:
Vπ + 2 3
Vπ + 2V D − 
where, for example, the matrix (H GBE Λc ) ij is the element of the matrix of i Λ c |H GBE + H ′ 0 + n∆ s |Λ j , and n is the number of s quarks in the baryon state. 
From Eqs. (1) to (6) and the corresponding calculation above, we can find that the eigenvalues for the configurations are:
where m i denotes the constituent mass of the ith quark, and N and n represent the quantum number of the excited state and the number of s quarks in the baryon state, respectively. Then, the expressions for the mass splittings between the L = 1 Λ c and L = 0 Λ c states are:
where the first (second) line in each equation is the result in the GBE (OGE) model.
Inserting the parameters listed in Table 3 . Similarly, we can also obtain the masses of Σ c , Ξ c , Ξ
, Ω c states with L = 1 by considering the mass splittings between them and their corresponding ground states, which are listed in Table 2 . These masses just represent the energies of the configurations and are listed in the diagonal terms of matrices (27) and (28), but are not the real charmed baryons' physical masses, which will be calculated later. All the input masses of corresponding ground states are taken from the latest "Review of Particle Physics" [8] . Then we can get matrices H (H represents the non-relativistic Hamiltonian for a three-quark system) for every multiplet configuration, and the numerical values are listed in the following matrices: 
In the GBE model, from matrix (27) , one can see the lowest energy states of three multiplets (Σ c , Ξ ′ c
and Ω c ) have spin 3/2. According to our analysis, this is because the contributions from fine structure corrections to Σ c , Ξ ′ c and Ω c states with spin 3/2 are smaller than those states with spin 1/2 in the GBE model from the matrix (21) . However, in the OGE model there is no such phenomenon. This is the most important difference between the GBE and OGE models.
By diagonalizing matrices (27) and (28), we can get the energies for the physical charmed baryon states as shown in Table 5 , in which we also show these states as the linear combinations of the configurations given in Table 4 , with the corresponding coefficients for the combinations listed in Table 5 . From Table   5 we can also see the spin of the states with the lowest energy is also S = 3/2 for Σ c , Ξ ′ c and Ω c states only in the GBE model, but not in the OGE model. Table 5 , in the GBE model, the mixing of the configurations in the GBE model is much weaker than that in the OGE model. For instance, for the Λ c states, the mixing coefficient between the configurations |Λ c(b) 1 and |Λ c(b) 2 is about 0.26, but in the OGE model it is about 0.71. According to our calculation results in matrix (28) , the diagonal matrix elements and nondiagonal matrix elements have the same results when the spin is 1/2 in the OGE model. So the mixing coefficients between the configurations with spin 1/2 should be the same and the mixing is stronger than in the GBE model,as shown in Table 5 . The absolute values of the nondiagonal matrix elements in the OGE model are larger than those in the GBE model. Table 5 Energies and coefficients for mixing between the configurations with S = 1/2 and S = 3/2 for the charmed baryon states with L = 1 in the GBE and OGE models. (29) and (30) , which are obtained in the same way as for the charmed baryons in the GBE and OGE models. We also consider the bottom baryon configuration mixing, and the masses and corresponding coefficients for the mixing are listed in Table 6 . There are two differences, however, between bottom baryon states and charmed baryon states. The first is that the larger constituent mass of the b quark leads to the increase of the mass difference correction in Eq. (6), and the second is that the hyperfine interaction contributions from the GBE interaction Eq. (10) and the OGE interaction Eq. (12) to the cases of the bottom baryon states should be less important than those for the charmed baryon states in these two models. This is because the parameters as listed in Table 3 for bottom baryon states are smaller than for charmed baryon states. Table 6 Energies and coefficients for mixing between the configurations with S = 1 2 and S = 3/2 for bottom baryon states with L = 1. 
As shown in
OGE 5797. 
Intriguingly, from Table 6 , we can also see the spins of the lowest energy states in the GBE model for Σ b , Ξ b and Ω b are S = 3/2. The same phenomenon has been found for charmed baryon states. This is the most special aspect of the GBE model compared with the OGE model.
IV. CONCLUSIONS
In this paper, we studied the difference between two hyperfine interactions including the Goldstone boson exchange (GBE) and the one gluon exchange (OGE) hyperfine interaction models, by predicting the masses of charmed and bottom baryons with L = 1 negative parity. The results for the L = 1 negative parity charmed and bottom baryon masses were obtained from the mass splittings between these states and their corresponding ground states, and the input parameters were determined by fitting the experimental baryon masses.
With these two models, we first expressed the fine structure correction parts (δM ) for the light, charmed and bottom ground baryons as listed in Table 1 and Table 2 . Then, with the mass splittings between ground baryon states, the parameters for these two kinds of hyperfine interaction models were extracted and listed in Table 3 . We predicted the mass of Ω * b , the only L = 0 baryon state which has not be observed, to be 6069.2 MeV. After that, the masses of the negative parity charmed and bottom baryon configurations with L = 1 were estimated from the splittings between their corresponding charmed and bottom baryon states with L = 0. In our calculations, mixing between the configurations with same spin quantum numbers was also taken into account. Then the physical masses of the negative parity charmed and bottom baryon states with L = 1 were predicted after diagonalizing the matrices (27) , (28), (29) and (30) and we gave the corresponding coefficients for the mixing between these configurations in the two hyperfine interaction models.
From the latest "Review of Particle Physics" [8] , the splitting between Λ c (2595) + with J P = charmed baryon states both in the GBE and OGE models, as listed in Tables 5 and 6 . This is because the larger constituent mass of the b quark reduces the hyperfine interaction contributions to bottom baryon states compared with the charmed baryon states. We expect that our results for these two different models in this work can be tested at the LHC and other experiments in the near future.
The predicted masses in this paper may be also useful for the discovery of the unobserved charmed and bottom baryon states and the J P assignment of these baryon states when they are observed in the near future. It will also allow us to compare these two different hyperfine interaction models from their results and examine which phenomenological model can better describe the spectra. Therefore, more efforts should be given to study charmed and bottom baryons both theoretically and experimentally.
